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-dependent conformational changes and aggregation and have been suggested to play essential roles during secretory vesicle biogenesis in the trans-Golgi network. CGA has been shown to exist primarily in a tetrameric state at pH 5.5 and primarily in a dimeric state at pH 7.5, and CGB has been shown to exist in a monomeric state at both pH 5.5 and pH 7.5. Using purified CGA and CGB, it recently has been shown that CGA interacts with CGB at pH 5.5 (Yoo, S. H. (1996) J. Biol. Chem. 271, 1558 -1565). In expanding this investigation, we have studied the temperature dependence of the pHdependent interaction of CGA and CGB by analytical ultracentrifugation and found that two molecules of CGA bound to two molecules of CGB at pH 5.5 with ⌬G 0 values of ؊43.6 kcal/mol in the absence of Ca 2؉ at 37°C and ؊40.3 kcal/mol in the presence of 0.1 mM Ca 2؉ . However, one molecule of CGA bound to one molecule of CGB at pH 7.5 with ⌬G 0 values of ؊13.6 kcal/mol in the absence of Ca 2؉ at 37°C. The magnitude of ⌬G 0 values increased with increasing temperatures at both pH values. However, the values for enthalpy and entropy changes decreased with increasing temperatures in both pH levels, suggesting formation of more ordered structures. In the absence of Ca 2؉ at pH 5.5, the heterotetramerization reaction at 37°C was entropically driven, whereas in the presence of Ca 2؉ (0.1 mM) the heterotetramerization was virtually an enthalpic reaction. On the other hand, the heterodimer formation in the absence of Ca 2؉ at pH 7.5 showed large negative enthalpy and entropy changes at 37°C, indicating an enthalpic interaction compensated by entropic changes. In view of the interaction of tetrameric CGA with tetrameric inositol 1,4,5-trisphosphate (IP 3 ) receptor and the existence of heterotetrameric IP 3 receptor in the cell, the heterotetramer formation by CGA and CGB not only raises the possibility of interaction between the heterotetrameric chromogranin and heterotetrameric IP 3 receptor but also appears to reflect their important roles in the cell.
The two major proteins of the secretory vesicles of neuroendocrine cells, chromogranin A (CGA 1 ) and chromogranin B (CGB) (1) , were shown to undergo pH-and Ca 2ϩ -dependent conformational changes and aggregation (2) (3) (4) (5) . The extent of chromogranin aggregation was much greater at the intravesicular pH of 5.5 than at a near physiological pH of 7.5 (3, 5) , and the Ca 2ϩ sensitivity of CGB aggregation was at least two orders of magnitude greater than that of CGA aggregation (5) . Furthermore, CGA and CGB were shown to bind to the vesicle membrane at pH 5.5 and to dissociate from it at pH 7.5 (6 -8) . These pH-and Ca 2ϩ -dependent aggregation and vesicle membrane binding properties of chromogranins A and B were suggested to play essential roles during secretory vesicle biogenesis in the trans-Golgi network (TGN) (2) (3) (4) (5) . In particular, CGA was shown to interact with many intravesicular matrix proteins at the intravesicular pH of 5.5 and to dissociate from them at a near physiological pH of 7.5 (9) . Moreover, most of the intravesicular matrix proteins were shown to aggregate, along with CGA and CGB, at pH 5.5 in the presence of Ca 2ϩ (9) . The TGN in which secretory vesicles are formed has an acidic pH and high Ca 2ϩ environment (10 -13) conducive to the selective aggregation of secretory vesicle matrix proteins and their binding to the potential vesicle membrane. The pH-and Ca 2ϩ -dependent aggregation and complexation of vesicle matrix proteins and the pH-dependent binding of this aggregation complex to the vesicle membrane are proposed to be essential in the selective segregation of the secretory vesicle matrix proteins for a proper sorting in the TGN (9) .
In view of the fact that CGA interacts with the secretory vesicle integral membrane protein IP 3 receptor (14, 15) , the interaction of chromogranin aggregates with both other vesicle matrix proteins and the vesicle membrane proteins (9, 14) will help to transmit the extravesicular signals, i.e. Ca 2ϩ mobilization, protein-protein interaction, and others, to the inside of the vesicle. Moreover, CGB was shown to interact much more strongly with the vesicle membrane than CGA. By loading a mixture of purified CGA and CGB onto a vesicle membranecoupled Sepharose column and eluting with different buffers, it was shown that some CGA was eluted either with change of the pH of the elution buffer from 5.5 to 7.5 or with an increase of the salt concentration (1 M KCl) without changing the pH of the buffer, whereas no CGB was eluted under these conditions (8) . CGB was eluted only when the pH of the elution buffer was changed to 7.5 with an accompanying increase in the salt concentration (8) , demonstrating that CGB has a tighter interaction with the vesicle membrane than CGA. This interaction implied a tight intravesicular molecular organization of vesicular matrix proteins. Indeed, acidic pH-and Ca 2ϩ -induced aggregation of the vesicle lysates included most of the vesicle matrix proteins (9) , indicating a tight molecular organization of vesicular matrix proteins.
In contrast to the primarily dimeric and tetrameric existence of CGA at pH 7.5 and pH 5.5, respectively, CGB appeared to exist in a monomeric state at both pH 5.5 and pH 7.5 (5). Nevertheless, using purified CGA and CGB, it was recently shown that CGA interacts with CGB at pH 5.5 (9) . In particular, in view of the fact that tetrameric CGA was suggested to interact with tetrameric IP 3 receptor (15) , it was of considerable interest to study the pH-and Ca 2ϩ -dependent interaction between CGA and CGB and to determine the stoichiometry of interaction between CGA and CGB. Confirming the results obtained in the previous study, CGB was shown to exist in a monomeric state at the intravesicular pH 5.5 and at the near physiological pH 7.5. However, an equimolar mixture of CGA and CGB formed strongly interacting heterotetramers at pH 5.5 and heterodimers at pH 7.5, leaving virtually no free CGA or CGB in the solution. The heterodimer and heterotetramer formation properties of chromogranins A and B appear to reflect their important roles in the secretory vesicle. The physiological implications of these interactions are also discussed.
EXPERIMENTAL PROCEDURES
Purification of CGA and CGB-CGA and CGB were purified from bovine adrenal chromaffin granules in native forms according to the methods described previously (3, 5) .
Determination of the Molar Extinction Coefficient-The molecular masses of CGA and CGB, calculated from the amino acid sequences (16 -18) , were 48,084 and 71,425 daltons, respectively, and the molar extinction coefficient used for purified bovine CGA was 5.66 ϫ 10
Ϫ1 at 280 nm (19) . The molar extinction coefficient for CGB was determined following the method described for CGA (19) and was determined to be 4.80 ϫ 10
M
Ϫ1 cm Ϫ1 at 280 nm. Analytical Ultracentrifugation-Analytical ultracentrifugation was performed in a Beckman XL-A analytical ultracentrifuge at 8000 rpm and at temperatures of 2, 5, 8, 11, 14, 17, and 20°C. Three six-channel centerpieces, one cell for each type of buffer, were used. In each cell, the upper compartment contained CGA, the lower compartment contained CGB, and the center compartment contained an equimolar mixture of CGA and CGB having the same concentrations that they had in their respective compartments. The compartment adjoining each sample contained the reference buffer. Sample volumes were 0.12 ml, giving column heights of approximately 3 mm. The buffers used were: 1) 20 mM sodium acetate, pH 5.5, 0.1 M KCl; 2) 20 mM sodium acetate, pH 5.5, 0.1 M KCl, 0.1 mM Ca 2ϩ ; and 3) 20 mM MOPS, pH 7.5, 0.1 M KCl. The buffer in each of the cells that contained no Ca 2ϩ had 0.5 mM EGTA to ensure the absence of any Ca 2ϩ effect. The apparent compositional partial specific volumes, *, were calculated for 25°C from the amino acid sequences using the values of Zamyatnin (20) . A value of ⌬*/⌬T ϭ 0.00035 cm 3 g Ϫ1 deg Ϫ1 was used to calculate the values of * at other temperatures. The extinction coefficients of CGA and CGB at 280 nm were determined spectrophotometrically, and the extinction coefficients at 230 nm were calculated from the ratios of the concentration gradients at equilibrium measured at that wavelength to the concentration gradients measured at 280 nm.
RESULTS
Analysis of Ultracentrifuge Data-
The self-association of CGA alone at pH 5.5, either in the absence or in the presence of 0.1 mM Ca 2ϩ , was analyzed as a monomer-tetramer association using the mathematical model,
where c r is the concentration, expressed as absorbance at 230 nm, as a function of radial position; c b,1 is the concentration of monomer at the cell bottom, r b ; A A ϭ (1 Ϫ *) 2 /2RT for CGA, where * is the compositional partial specific volume, is the solvent density, is the rotor angular velocity, R is the gas constant, and T is the absolute temperature; M A is the molecular mass of CGA monomer, which has the value of 48,084 daltons; K 14 is the molar scale association constant for tetramer formation; E 1,230 is the molar extinction coefficient of CGA monomer at 230 nm; and ⑀ is a small baseline error correction term. The data was fit using ln K 14 , c b,1 , and ⑀ as fitting parameters. The CGA alone, either in the absence or presence of 0.1 mM calcium, behaved identically and formed homotetramer in a manner entirely consistent with the data that we obtained in earlier studies (19) . Since it was included in this study as a control to ensure that its behavior was not anomalous, these data are not presented here.
On the other hand, CGB alone at pH 5.5, either in the absence or presence of 0.1 mM Ca 2ϩ , and at pH 7.5 in the absence of Ca 2ϩ , was found only as an ideal monomer, the concentration distribution of which could be appropriately described by the mathematical model,
where the subscript B on A and M indicates that these parameters applied to CGB. The M B value used was 71,425 daltons. The quality of the fits, both in the absence and presence of 0.1 mM Ca 2ϩ and using only c b,1 and ⑀ as fitting parameters, is shown in Fig. 1 and validates the calculated value for the compositional partial specific volume of the CGB monomer.
In analyzing the possible interaction between CGA and CGB at pH 5.5 in the absence and presence of 0.1 mM Ca 2ϩ , one possibility that we considered was that the CGA would form tetramers and would not associate with CGB at all. However, analysis of the data clearly indicated that this was not a viable model, confirming the previous result that showed the interaction of CGA and CGB at pH 5.5 (9) . The criteria for this were a root mean square error for the fit that was over 10-fold greater than the maximum we could consider acceptable (root mean square Ͻ 1 ϫ 10
Ϫ2
, A 230 ) and a fitting line that deviated so greatly from the data points that there was no question concerning the incorrectness of the fit. Hence, a number of additional possible complexes were considered for the association of CGA and CGB; our initial candidates were a CGA tetramer associating with one, two, or four molecules of CGB. None of these proved to be viable models based on the criteria cited above. Our next consideration was a CGA dimer associating with one, two, or four molecules of CGB. Of these models, only the association of a CGA dimer with two molecules of CGB, forming a CGA 2 CGB 2 heterotetramer, was a viable model ( Fig.   FIG. 1 . Distribution of concentration of CGB as a monomer at pH 5.5. CGB (0.10 mg/ml) in 20 mM sodium acetate, pH 5.5, and 0.1 M KCl is shown at ultracentrifugal equilibrium at 8°C in the presence of 0.1 mM Ca 2ϩ . The line shows the best fitting curve for the monomer equilibrium model. All of the concentration distributions for CGB at both pH 5.5 and pH 7.5 were very similar to this either in the presence of 0.1 mM Ca 2ϩ or in the absence of Ca 2ϩ , where 0.5 mM EGTA was added in the buffer.
2). A CGA monomer associating with one through four molecules of CGB did not yield viable models. In addition, the weight-average molecular weight calculated from the concentration gradients near the cell bottom precluded the possibility of higher aggregates. Thus, for the mixture of CGA and CGB at pH 5.5, either in the absence or presence of 0.1 mM calcium, only a CGA 2 CGB 2 heterotetramer formation was a viable model (Fig. 2) . The presence of CGA homotetramer could not be detected in the presence of the CGA 2 CGB 2 heterotetramer, indicating that the association constant for the formation of the CGA 2 CGB 2 heterotetramer must be significantly larger than that for the formation of the CGA homotetramer. This observation was consistent with the values obtained for the respective equilibrium constants (Ref. 19 and Table I ). The mathematical model for the analysis of the concentration distribution for CGA 2 CGB 2 heterotetramer formation is,
where ln K (AB) 2 is the logarithm of the molar equilibrium constant for the formation of the CGA 2 CGB 2 heterotetramer, where E A and E B are the molar extinction coefficients of CGA and CGB monomers, respectively, and where the other terms have their usual meaning as described above. The logarithmic term of the extinction coefficients is needed to convert the molar equilibrium constant to an equilibrium constant on an absorbancy scale, since this is the unit of concentration actually measured. This mathematical model does not exhibit the property of pseudolinearity; therefore, it was necessary to use a Monte Carlo simulation procedure to obtain meaningful values for the standard errors of ln K (AB) 2 so that the appropriate reciprocal variances could be calculated for use as weights in the fitting of the thermodynamic data (21) .
In light of our previous observation that CGA forms a homodimer at a near physiological pH of 7.5 (19) and CGB exists in a monomeric state at both pH 5.5 and pH 7.5 (Ref. 5 and Fig.  1 ), we also explored the possibility of interaction between CGA and CGB at pH 7.5. As had been reported before, the association of CGA alone at pH 7.5 was in a monomer-dimer equilibrium (data not shown). However, the mixture of CGA and CGB behaved differently from both CGA alone and CGB alone. On the basis of the facts that CGA forms a reversible dimer at pH 7.5, forms a tetramer at pH 5.5, and forms a CGA 2 CGB 2 heterotetramer with CGB as described above, we postulated that either there would be no interaction between CGA and CGB, or there may be CGA-CGB heterodimer formation at pH 7.5. Analysis of the concentration distribution data of the equimolar mixture of CGA and CGB indicated that CGA and CGB formed a CGA-CGB heterodimer at pH 7.5 ( Fig. 3) , and no other association scheme even approached viability. Moreover, due to the strength of the association of CGA and CGB, no CGA homodimer could be detected.
The mathematical model for this association is given by,
where ln K (AB) is the logarithm of the association constant for formation of the heterodimer and the other terms have their usual meaning as described above. As in the case of the formation of the CGA 2 CGB 2 heterotetramer, it was also necessary to use Monte Carlo simulations to obtain meaningful values for the standard errors of the values of ln K (AB) . 
Determination of the Values of the Thermodynamic Parameters-The values of the thermodynamic parameters ⌬H
and fitting the values of ⌬G 0 as a function of temperature using a mathematical model derived from standard definitions of the various thermodynamic parameters as follows,
where T R is a reference temperature, here taken to be 273.15 K, and where it is assumed that d⌬C P,T 0 /dT is constant with respect to temperature. By carrying out the integrations indi- 
When all of the data obtained were fit with Equation 10, it was found that the use of the d⌬C P 0 /dT term did not improve the quality of the fits and gave significantly larger standard errors for the parameters. Accordingly, it was assumed that ⌬C p 0 was constant with temperature, and Equation 10 was terminated after the ⌬C P 0 term. Thus, only ⌬H T R 0 , ⌬S T R 0 , and ⌬C P,T R 0 were used as fitting parameters. To perform weighted fits, each value of ⌬G 0 was weighted with the reciprocal of its variance, which was calculated from the standard error of ln K (AB) 2 obtained when fitting the concentration distribution data for a given temperature.
The plots illustrating the fitting of ⌬G 0 as a function of temperature using Equation 10 for the CGA 2 CGB 2 heterotetramer interactions in the absence and presence of 0. Table I . DISCUSSION The present results demonstrate that two molecules of CGA interact with two molecules of CGB to form a heterotetramer at pH 5.5 and one molecule of CGA interacts with one molecule of CGB to form a heterodimer at pH 7.5. Considering the fact that CGB alone exists in a monomeric state and is incapable of forming a dimer or a tetramer at both pH 5.5 and pH 7.5 (Ref. 5 and Fig. 1) , and that CGA exists in a homotetrameric state and in a homodimeric state at the intravesicular pH 5.5 and the near-physiological pH 7.5 (19) , respectively, the formation of a heterodimer or a heterotetramer indicates a strong interaction between CGA and CGB at both pH values. Despite the fact that CGA molecules alone form homodimer and homotetramer at pH 7.5 and pH 5.5 (19) , respectively, the species analysis of the present data indicated that the equimolar presence of CGA and CGB led to formation of a CGA 2 CGB 2 heterotetramer at pH 5.5 and a CGA-CGB heterodimer at pH 7.5 of such dominance that the homotetramer and homodimer could not be detected, clearly indicating a much stronger interaction between CGA and CGB than between CGA. From the fact that there was very little free CGA or CGB in the solution containing an equimolar concentration of CGA and CGB, it may be supposed that CGB will interact with CGA as long as there are CGA molecules to interact with in the secretory vesicle.
The interaction of CGA with CGB showed ⌬G 0 values of increasing magnitude as the temperature was increased, regardless of the presence of Ca 2ϩ at pH 5.5 (Figs. 4A and 5A ), suggesting that the interaction becomes more stable with increasing temperatures. In the absence of Ca 2ϩ at pH 5.5, the magnitude of ⌬G 0 values increased from Ϫ31.8 to Ϫ43.6 kcal/ mol but with decreasing enthalpy and entropy changes as the temperature was increased from 0°C to 37°C (Fig. 4B and Table I ). But at 37°C, the entropy change showed a still large positive value (Fig. 4B) , indicating that heterotetramer formation in the absence of Ca 2ϩ at pH 5.5 is entropically dominated. The decreasing entropy of the system suggests that the interacting structures become more ordered with increasing temperatures. Similarly, in the presence of Ca 2ϩ at pH 5.5, the values of the enthalpy and entropy changes decreased as the temperature was increased, changing from large positive enthalpy and entropy changes at 0°C to large negative enthalpy FIG. 3 . Distribution of concentration of CGA and CGB as a monomer-heterodimer equilibrium at pH 7.5. CGA (0.07 mg/ml) and CGB (0.1 mg/ml) in 20 mM MOPS, pH 7.5, and 0.1 M KCl is shown at ultracentrifugal equilibrium at 14°C in the absence of Ca 2ϩ , where 0.5 mM EGTA was added in the buffer. The line shows the best fitting curve for the monomer-heterodimer equilibrium model. All of the concentration distributions for CGA and CGB at pH 7.5 were very similar to this. Table I ). The large negative enthalpy and near-zero entropy changes at 37°C indicate that in the presence of Ca 2ϩ the heterotetramer formation is primarily due to the enthalpic contribution. The decreasing entropy change here again suggests that the interacting structures become more ordered as the temperature increases. However, the presence of Ca 2ϩ at pH 5.5, even at a concentration as low as 0.1 mM, changed the heterotetramer formation from a primarily entropically driven reaction to a primarily enthalpically driven reaction at 37°C. Considering that a positive enthalpy change of approximately 1 kcal/mol per residue is observed in the ␣-helix to coil transition of proteins and peptides (22, 23) , the large negative enthalpy change (Ϫ41.5 kcal/mol) shown for the CGA 2 CGB 2 heterotetramer formation in the presence of Ca 2ϩ at pH 5.5 (Table I) suggests that the heterotetramer formation is accompanied by significant conformational changes, possibly involving changes from coil to ␣-helical structure. In light of the observation that the ␣-helicity of CGB conformation increased from 20% ␣-helix in the absence of Ca 2ϩ to 25% ␣-helix in the presence of 0.2 mM Ca 2ϩ at pH 5.5 while the random coil structure decreased from 70 to 65% (5) and the ␣-helicity of CGA was at its highest (40% ␣-helicity) in the presence of 0.2 mM Ca 2ϩ at pH 5.5 (3, 5) , the enthalpy change from a moderate positive value (15.6 kcal/mol) in the absence of Ca 2ϩ at pH 5.5 to a large negative value (Ϫ41.5 kcal/mol) in the presence of Ca 2ϩ is in line with the predicted conformational changes of CGA and CGB from coil to ␣-helical structures during heterotetramerization.
In contrast to the large increase in the magnitude of the ⌬G values of heterodimerization at the near physiological pH 7.5 changed relatively little, changing from Ϫ12.1 to Ϫ13.6 kcal/ mol as the temperature was increased from 0°C to 37°C ( Fig.  6A ; Table I ), although the large positive enthalpy and entropy changes at 0°C both changed to large negative values at 37°C (Fig. 6B ). This indicates that the heterodimeric interaction changes from an entropically driven to an enthalpically driven interaction with increasing temperatures. The decreasing entropy also suggests that the interacting structures become more ordered as the temperature increases at pH 7.5. In our previous study, it was shown that the free energy change of CGA homodimer formation was Ϫ7.8 kcal/mol in the absence of Ca 2ϩ at pH 7.5, whereas those of CGA homotetramer formation at pH 5.5 ranged from Ϫ21.6 kcal/mol in the presence of 35 mM Ca 2ϩ to Ϫ22.7 kcal/mol in the absence of Ca 2ϩ (19) . This indicated that the mean free energy change per mol of CGA monomer added, which stands at approximately Ϫ7 to Ϫ8 kcal/mol, is comparable at the two pH values. However, the ⌬G 0 values of interaction for CGA-CGB heterodimer formation were approximately Ϫ12.1 to Ϫ13.6 kcal/mol, whereas those for CGA 2 CGB 2 heterotetramer formation ranged from Ϫ31.8 to Ϫ43.6 kcal/ mol, indicating that the interaction between CGA and CGB is approximately four orders of magnitude stronger than those between CGA. This will virtually ensure CGA-CGB heterodimerization or CGA 2 CGB 2 heterotetramerization well ahead of the self-association of CGA in the cell. In the case of bovine adrenal chromaffin granules where there is an excess amount of CGA compared to that of CGB, it is reasonable to assume that all the CGB will exist in a CGA 2 CGB 2 heterotet- rameric state in the secretory vesicle while the remaining CGA will exist in a homotetrameric state. If there is more CGB than CGA, as in the case of some cells of the spinal cord of the nervous system and the Purkinje cells of the cerebellum in human (24) or the cerebellum in rat (25) , the excess CGB is likely to exist either in a monomeric state or in association with other vesicle matrix proteins. In view of the fact that CGB aggregation is at least two orders of magnitude more sensitive to Ca 2ϩ than that of CGA (5) and that CGB interacts with the secretory vesicle membrane much more tightly than CGA (8), the CGB-interacting CGA molecules will probably be in contact with the vesicle membrane at the same time as the CGB molecules in the secretory vesicle. Furthermore, considering that tetrameric CGA interacts with tetrameric IP 3 receptor on the secretory vesicle membrane (14, 15) , the heterotetrameric state of CGA and CGB immediately raises the possibility of the interaction between the heterotetrameric CGA 2 CGB 2 and the tetrameric IP 3 receptor. Although it is not known at present whether the heterotetrameric CGA 2 CGB 2 interacts with the tetrameric IP 3 receptor, the recent study showing the existence of heterotetrameric IP 3 receptor (26, 27) , i.e. heterotetrameric IP 3 receptor formation between different isotypes of IP 3 receptor in the cell, suggests the possibility of interaction between the heterotetrameric IP 3 receptor and the heterotetrameric CGA 2 CGB 2 in the secretory vesicle. This possibility is particularly appealing in view of the postulate that the existence of heterotetrameric IP 3 receptor/Ca 2ϩ channel is responsible for the heterogeneous responses of IP 3 receptor/Ca 2ϩ channels to IP 3 (26, 27) . In this regard, the notion of interaction of heterotetrameric IP 3 receptor/Ca 2ϩ channel with heterotetrameric calcium storage proteins is in line with the varied Ca 2ϩ mobilization in the cell in response to IP 3 signal (28 -31) .
Moreover, given the strong heterodimer and heterotetramer formation between CGA and CGB at a near physiological pH 7.5 and at the intravesicular pH 5.5, respectively, a portion of chromogranins A and B are expected to exist as heterodimers in the endoplasmic reticulum and cis-Golgi cisternae and as heterotetramers in the TGN and secretory vesicles. Furthermore, in light of the extreme Ca 2ϩ sensitivity of CGB aggregation and a high Ca 2ϩ concentration in the TGN, the interaction of CGB with CGA may not only prevent CGB from premature Ca 2ϩ -induced aggregation and precipitation in the TGN but also help CGA and CGB to engage in the interactions with other secretory vesicle components in an orderly fashion.
